The interaction of alveolar macrophages (AMs) and group B streptococci (GBS) was investigated in 1 and 2-day-old rabbits following infection in an exposure chamber containing lo7 strep tococci per cubic foot of air. The % of streptococci within AMs was similar at 0 and 4 h (36 and 65%) after infection for the two groups of rabbits. Twenty-four h after infection, the 2-day-old rabbits had a significantly higher % of ingested GBS (86 versus 68%). Sixty % of inspired GBS were inactivated by the older rabbits within 4 h after infection. This clearance persisted throughout the 72 h experimental period. Inspired GBS proliferated in the younger rabbits until 48 h (mean negative clearance of -17, -276, and -79% at 4, 24, and 48 h) before their numbers were reduced by inflammation. Sixty of 78 lday-old rabbits had inflammatory responses between 24 and 72 h versus only 5 of 50 older rabbits. At 24 h after infection, AMs of l-day-old rabbits contained significantly increased nurcbers of intracellular GBS microcolonies (17/ 20) than did AMs from 2day-old rabbits (5/19). These obsewations suggest that the enhanced susceptibility to GBS infection in the immediate postnatal period is caused at least in part by ineffective intracellular killing by AMs.
Summary
The interaction of alveolar macrophages (AMs) and group B streptococci (GBS) was investigated in 1 and 2-day-old rabbits following infection in an exposure chamber containing lo7 strep tococci per cubic foot of air. The % of streptococci within AMs was similar at 0 and 4 h (36 and 65%) after infection for the two groups of rabbits. Twenty-four h after infection, the 2-day-old rabbits had a significantly higher % of ingested GBS (86 versus 68%). Sixty % of inspired GBS were inactivated by the older rabbits within 4 h after infection. This clearance persisted throughout the 72 h experimental period. Inspired GBS proliferated in the younger rabbits until 48 h (mean negative clearance of -17, -276, and -79% at 4, 24, and 48 h) before their numbers were reduced by inflammation. Sixty of 78 lday-old rabbits had inflammatory responses between 24 and 72 h versus only 5 of 50 older rabbits. At 24 h after infection, AMs of l-day-old rabbits contained significantly increased nurcbers of intracellular GBS microcolonies (17/ 20) than did AMs from 2day-old rabbits (5/19) . These obsewations suggest that the enhanced susceptibility to GBS infection in the immediate postnatal period is caused at least in part by ineffective intracellular killing by AMs.
Speculation
If the ability of macrophages to inactivate intrapulmonary group B streptococci in the immediate postpartum period is due to an underdeveloped oxygen-dependent bactericidal system. then the bactericidal abnormality may be even more profound in the prenatal period when macrophages are exposed to lower in utero alveolar oxygen tensions. As a consequence of this reduced activity, group B streptococci aspirated prenatally are likely to proliferate uncontrollably, and either prenatal stimulation of the alveolar macrophage or early detection of intrauterine streptococcal infection followed by delivery of the infected fetus may be life saving.
The pathophysiologic factors responsible for group B streptococcal (GBS) pneumonia are not completely understood. Recent investigations using neonatal rabbits suggested that an immature alveolar macrophage system increased susceptibility to infection (18, 24, 25) . Macrophages obtained by pulmonary lavage from Iday-old rabbits had less well developed organelle and enzyme systems as well as a diminished bactericidal capacity than macrophages obtained from 7-day-old animals. These in vitro results agree with data from in vivo experiments showing improved rates of ingestion and intracellular killing of inspired staphylococci by lapine alveolar macrophages during the first 2 wk of life (20) . Because of the high incidence of GBS pneumonia in the newborn (16, 19) , we investigated the interaction between alveolar macrophages and inspired group B streptococci in I-and 2-day-old rabbits.
MATERIALS AND METHODS
Litters of New Zealand white rabbits were raised at the Small Animal Facility of the Veterinary School, University of California, Davis. Two groups of pups, one less than 24 h of age and the other between 24 and 48 h of age, were used in these experiments. Individual pups were identified, weighed daily, and maintained with their does except for the period of infection.
Infectionprocedures. A 1 mm colony of Streptococcus agalactiae. type Ia, from a blood agar plate was used to introduce a single loop inoculum into each of three liters of Todd-Hewitt broth. Following 14 h incubation at 37OC in a shaker bath, the streptococci were harvested in the stationary phase of growth. The bacteria were sedirnented by centrifugation, washed twice and resuspended in 20 ml of sterile saline. Two Retec (Ambulance Health Care Equipment; 1401 Washington Street, Oregon City, Oregon) nebulizers generated a streptococcal cloud into an exposure chamber designed to produce uniform deposition of bacteria within rodent lungs (6, 15) . The bacterial concentration in the nebulizer suspension varied from 3.5 x 10" to 1.7 x 10" streptococci per ml. Approximately lo7 streptococci were present per cubic foot of air.
After a 30 min period of infection, 4-8 pups from each age group were randomly selected and sacrificed with ether. The remaining littermates were returned to their does and sacrificed at either 4, 24, 48 or 72 h after infection.
Bacterial localization. The lungs were aseptically exposed following sacrifice. The left lung was excised and used to determine the numbers of viable streptococci. The right lung was perfused via an intratracheal cannula with 10% neutral buffered formalin at 10 cm H 2 0 pressure (6). This lung was embedded in paraffin and 4-5 pn thick sections were cut from the middle lobe. Serial sections were examined with the Brown and Brenn stain for bacterial localization and with hematoxylin and eosin stains for pulmonary inflammation. The Brown and Brenn stained sections were systematically scanned for bacteria at x 1,000 magnification without knowledge of the rabbit's age or the time period of sacrifice. Ingestion rates were measured by determining the intraor extracellular location of 100 consecutive streptococci. Phagocytic profiles were generated from these data for animals sacrificed at 0, 4, and 24 h following infection by the method of Kim and associates (13) . The hematoxylin and eosin stained sections were examined in a random fashion for inflammation.
Bacterial clearance and multiplication. Bacterial clearance is the rate at which deposited bacteria are removed from pulmonary tissues or become nonviable within the lungs. When the % of deposited bacteria removed by transport mechanisms is small compared to the % killed within the lung, the rate of bacterial clearance equals the rate of bacterial inactivation and is a measurement of killing alone (20) . Bacterial clearance rates were measured by homogenizing the lapine left lung in a high-speed glass homogenizer containing 3.5 ml of trypticase soy broth and then determining the numbers of viable streptococci in I-ml aliquots cultured in Todd-Hewitt agar by pour-plate techniques.
Mean bacterial counts for each group of rabbits at each time period were calculated and bacterial clearance was expressed-as the number of bacteria present immediately after infection No) minus the number present at subsequent study times (N, = 4, 24, 48, or 72 h) divided by the initial number of bacteria (15) .
this observation was present in only 5 of 19 I-2-day-old animals ( X 2 = 11.36, P < 0.001). Since groups of 10 or more streptococci were rarely present in the aerosol, or at 4 h postinfection, their presence indicates either intra-or extracellular streptococcal proliferation ( Fig. la and Ib). Table 3 contains the bacterial clearance data for less than I-day and I-2-day-old animals at various times after infection. The number of pulmonary streptococci increased in the first 24 h in rabbits less than 1 day of age and then slowly declined by 72 h after infection. In contrast, 60% of inspired streptococci were inactivated at 4 h after infection in the I-2-day-old animals and
Statistical Analysis. Standard errors of the ratio were determined for the bacterial clearance data using the theorem of Wilks (22) . Group differences in phagocytosis and bacterial clearance rates were analyzed by the Mann-Whitney test (9) . Group differences in ingestion profile, pulmonary inflammation and lapine weight were analyzed by the Chi square test with Yates correction (2). these lower numbers persisted throughout the 72 h experimental ~eriod. The differences in bacterial clearance rates were significant i t the 4, 24 and 48 h postinfection period ( P < 0.02).
"
Because maternal starvation of pups might account for the RESULTS The two experimental groups of newborn rabbits had similar average weights and numbers of viable bacteria within their left lung immediately following infection ( Table 1 ). The % of streptococci within macrophages was also similar at 0 and 4 h after infection for the two groups of rabbits (Table 2) . However, at 24 h after infection a significantly higher % of streptococci were located intracellularly in the 2-day-old rabbits than in the younger pups ( P < 0.001). Extensive inflammation in the younger rabbits (Group 1) prevented estimation of streptococcal ingestion rates at 48 and 72 h after infection. Rates of ingestion were not determined at 48 and 72 h after infection in 2-day-old rabbits because of the sparsity of identifiable streptococci. Those that were seen were almost always within phagocytes.
Phagocytic profiles are tabulations of the frequency of occurrence of one or more ingested streptococci per macrophage when 100 consecutive bacteria are counted in an individual rabbit. At 0 and 4 hours after infection, profiles for the 1-and 2-day-old rabbits were similar, with a majority of phagocytizing macrophages containing one or two ingested streptococci and very few containing more than 5. This distribution of bacteria within macrophages corresponds with a pattern of single or paired streptococci in the aerosol. Twenty-four h after infection, 17 of 20 rabbits less than 1 day of age had two or more macrophages with more than 10 intracellular streptococci in their profile, whereas 130-48 h) (n = 50)3 (n = 73) Fig. la and b . Photomicrographs of streptococci ingested by macrophages from rabbits less than 24 h of age. (Fig. a) Single and paired streptococci within a macrophage at 4 h post infection ( X 2000). (Fig. h) Two macrophages within separate alveoli containing microcolonies of streptococci at 24 h after infection ( x 2000).
' Mean f S.E. ' Mean f S.E. x CFU per left lung. " Animals were not weighed in initial experiments to minimize handling. failure in bactericidal activity (5, 7). we compared changes in weight with the numbers of pulmonary streptococci in approximately two-thirds of the animals (Table 4 ). An animalwas counted as manifesting bacterial clearance if the number of bacteria cultured from the lung were less than 50% of the mean value for 0 h animals. Bacterial proliferation occurred if the number of streptococci cultured were twice that of the mean value for 0 h animals. The data in Table 4 show that streptococcal proliferation was independent of weight changes in rabbits less than 1 day of age. In I-2-day-old rabbits, weight gain and streptococcal inactivation were associative occurrences. Histopathologic examination showed differences in the lungs of less than I-day-old and 1-2-day-old rabbits which correlated with their responses to inspired ' Over 50% fewer streptococci were present in individual animals than the mean infective dose. "Over twice the numbers of streptococci were found in individual animals than the mean infective dose.
"umbers of animals per category. streptococci. Inflammation was not found in either group at 0 or 4 h after infection. Inflammation was frequently observed at 24 or more h after infection in animals less than one day of age (60/78) but not in older animals (5/50). These small focal lesions were usually located at the periphery of the lung and were composed of polymorphonuclear leukocytes and macrophages ( Fig. 2a and 26 ). Three younger rabbits died and each had extensive streptococcal proliferation and inflammation.
DISCUSSION
These experiments demonstrate that newborn rabbits have a reduced ability to inactivate inspired group B streptococci during the first day of life. Inspired streptococci survive and proliferate within the lungs of these animals for 24-48 h before their numbers are reduced coincident with influxes of polymorphonuclear leukocytes and tissue macrophages. In contrast, more than 60% of inspired group B streptococci are inactivated within 4 h in 1-2-day-old animals and these reduced numbers persist throughout the 72 h experimental period with minimal evidence of inflammation.
The inability to inactivate inspired streptococci in the immediate postnatal period probably reflects diminished intracellular killing. Previous studies with staphylococci have shown that bacterial killing by the alevolar macrophage is the principal antibacterial defense mechanism of the neonatal lung and that cellular capability improves in the postnatal period (20, 25) . The present investigation measured two components of phagocytosis, ingestion and intracellular killing, in the neonatal macrophages. Because rates of streptococcal ingestion were similar at 0 and 4 h after infection in less than I and I-2-day-old animals, differences in this component were not responsible for the failure to prevent streptococcal proliferation. These rates (35 and 65%) are nearly identical to previously reported values for staphylococci (30 and 60%) suggesting a common rate of chemoattraction and ingestion.
In contrast to ingestion, which was similar for macrophages from differently aged animals, intracellular killing capacity was diminished in macrophages of younger rabbits. Macrophages from less than 1-day-old rabbits contained significantly increased numbers of intracellular streptococcal microcolonies than did macrophages from older rabbits at the 24 h post infection period. These microcolonies most likely represent intracellular proliferation rather than engorgement with extracellularly proliferating bacteria. Few extracellular microcolonies were noted. Therefore, macrophages with numerous intracellular streptococci would have had to attain these streptococci by repetitive ingestion, an event that should result in a gradient of macrophages with increasing intracellular streptococci. Such a gradient was not noted in the phagocytic profiles. Second, if the streptococci were ingested individually, intracytoplasmic dispersion would be expected rather than the observed bacterial clumps. Finally, studies with staphylococci have shown that intracellular bacterial proliferation results in microcolony formation similar to that observed in the present studies (6, 11) .
The above conclusion that macrophages from rabbits less than 1 day of age kill ingested bacteria less well than macrophages from older animals agrees with results from other investigations (20.25) . Zeligs et al. (25) were unable to detect bactericidal activity in in vitro studies using S. aureus or E. coli and lavaged macrophages from I-day-old rabbits. Macrophages from animals that were 7 days of age did exhibit bacteriostatic activity against S. aureus, and macrophages from 28-day-old animals showed marked bactericidal activity against S. aureus and E. coli. Our own in vivo observations showed progressive intracellular killing of S. aureus during the first 2 wk of lapine life (20) .
Rapid improvement in bactericidal activity during the first 48 h of life may be attributed to: (I) increased numbers of intraalveolar macrophages following birth; (2) increased concentrations of lysosomal enzymes; (3) digestion and removal of surfactant related material capable of inhibiting bactericidal function; or (4) activation of an oxygen-dependent bactericidal system. Increased
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numbers of lapine alveolar macrophages were obtained by pulmonary lavage in studies during the first postnatal wk (24) . Since our two groups inspired similar numbers of streptococci, an increased bacteria to phagocyte ratio would have resulted in lower ingestion rates in the youngest pups. Inasmuch as initial ingestion rates were similar in the two groups, the macrophage population was not apparently different between I and 2 days of age. Lysosoma1 enzymes important for bactericidal activity also increase in concentration within macrophages during the postnatal period (18, 25) . However, these increases developed over a number of days; and therefore, they are unlikely to account for improvements between 24 and 48 h of life. The third explanation that digestion and removal of surfactant-like materials permitted diminished bactericidal function also seems unlikely because of the rapidity of improvement. The lamellar myelin-containing inclusions which interfere with phagocyte killing by adult (4) and neonatal macrophages (23) were still present within lapine alveolar macrophages at 4 days of age when bactericidal function was improved (20) . A final possibility is activation of an oxygen dependent bactericidal system during the first postnatal day. Oxidative metabolism is involved in the bactericidal activity of alveolar macrophages (10) . This activity is mediated by compounds such as superoxide and hydrogen peroxide which require oxygen for their formation (14) . Consistent with this need for oxygen, bactericidal activity is reduced when alveolar macrophages are forced to function in hypoxic environments (7) . Therefore, if a period of time is needed to achieve normal concentrations of superoxide, hydrogen peroxide, and catalase, these compounds might not reach levels sufficient for bactericidal activity until 24 or more h following birth (17, 21) . Furthermore, if group B streptococcal infection commences in the prenatal period as is suggested from clinical data (3, 20) , vulnerability would be even greater due to the longer period of ineffective intracellular killing. This conclusion coincides with clinical evidence correlating prematurity with heightened susceptibility to group B streptococcal infection (1, 12). Histopathology from these investigations revealed uninhibited streptococcal growth within alveoli.
Failure of alveolar macrophages of rabbits less than 1 day of age to suppress streptococcal proliferation resulted in influxes of polymorphonuclear leukocytes into the lungs of these animals. These inflammatory cells, which were prominent in infected rabbits of less than 1 day of age but not in rabbits infected at 1-2 days of age, were probably ~esponsible for reducing streptococcal concentrations to the low levels noted at 72 h. Inflammation was predominantly at the lung periphery. These pulmonary areas are most likely to be atelectatic and have a low intraalveolar oxygen tension within the first 24 h of life (8) .
In conclusion, if the pathogenesis of group B streptococcal pneumonia in neonatal rabbits resembles that observed in human neonates, this model should be useful in future studies of congenital GBS pneumonia.
